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Abstract 

Dielectric barrier discharges are used to generate ultraviolet radiation in rare gases and rare gas-hallde mixtures. The 
characteristics of the emission spectra of the cxcimers formed, from 126 to above 308 tun arc found to be useful for thin film 
and surface processing. The underlying radiation generation mechanisms are described and die influence of gas mixture, 
concentration and total pressure on the UV emitted discussed. Conversion efficiencies (ton input electrical to output optical 
energy) as high as 15% can be achieved under optimum conditions. These low cost high power excimer systems can 
provide an interesting and potentially very useful alternative to conventional UV lamps for industrial large-scale low 
temperatuie processes. 



Photon-induced processing has become an accepted 
technology in a wide range of industrial sectors including 
automobile manufacturing, textiles, water and food treat- 
ment, dectronks, chemicals, and medical treatment. Much 
of this processing has been performed with narrow wave- 
length C0 2 , NdiYAO, Ax ion, or excimer laser radiation 
[1-71 Such lasers, however, are generally very expensive 
and provide only small area beams (typically only several 
cm 2 ). On the other band, more broad-band radiation is 
available from high-current arc discharges in xenon and 
niercury/rare-gas mixtures which emit radiation ranging 
from 200 nm to several microns. However, since many 
materials absorb radiation at wavelengths shorter than 
about 250 nm, very efficient UV or deep UV" sources are, 
very desirable for stimulating chemical processes. There- 
fore, there is a demand for high-power, efficient low cost 
and large-area UV and VUV sources. 

Very recently, a new generation of lamps has been 
developed [8-151, based on the excited dimer (excimer) 
mechanism. These are capable of producing high power, 
high efficiency, and narrow-band radiation from the near 
UV (A » 354 am) to the deep UV (A- 126 nm). It is well 
known that cxcimeis, which are unstable excited molecular 
complexes, can be generated in a number of ways, e.£, by 
dielectric barrier discharges (also known as silent dis- 
charges), high energy electron beams, X-rays, synchrotron 
radiation, protons, heavy ions, or-particles and microwave 
discharges I IS- 22 J Of these, the silent discharge method 
has enormous potential for industrial applications be cau s e 
of its simplicity, high efficiency and low cost. Kogelschate 
and Eliasson (8,9,13-15,23,24] have investigated many 
different excited species including rare-gas dim en (e.g. 
Ar 2 * . Kr/, and XeJ ), halogen dimen (eg. F a \CIJ, Br/ , 



and Ij ), and rare-gas halide exc inters (eg. ArF", Aid", 
KrCl", XeCT, etc.) as well as mercury halogen excimers 
(HgNeV HgAr\ HgKr\ and HgXe*) using dielectric 
barrier discharges. The underlying principles of these 
sources will be described here, and examples of their 
possible applications will be given. 



2/ The exdzner system 

The operating principle followed in our work relies on 
die radiative decomposition of excimer states created by a 
silent discharge in a high pressure (few hundred mbar) gas 
column [24]. In a dielectric barrier discharge lamp, one or 
bom electrodes must be electrically insulated, e.g. covered 
by a dielectric. A high voltage (7 to 10 kV> and high 
frequency (100 to 500 kHz) supply is then applied to the 
device causing an arc discharge to occur. The charge 
build-up on the dielectric surface immediately decreases 
the field in the discharge gap and extinguishes the air. The 
total duration of a typical arc is of the order of a few 
nanoseconds and several arcs can be formed quasi-simulta- 
neously yet randomly across the entire surface of the 
dielectric at a frequency equal to two times the driving 
frequency. Each individual current filament is described as 
a microdischarge because of the short time duration and 
low electrical energy .it involves. The self-extinguishing 
feature of this type of discharge enables the use of high 
(« 500 mbar) gas pressure without causing any sputtering 
of die electrodes and therefore erosion and contamination 
problems common with traditional arcs are eliminated. 

Many styles and shapes of excimer lamps can be 
fabricated. In many of our experiments, these are cylindri- 
cal, and the UV generated radiates outwards. A typical 
lamp is composed of two concentric quartz tubes, outer 
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and timer metallic electrodes* an external high voltage 
generator, and cooling water (Fig. 1). The measured en- 
ergy conversion efficiencies CUV output/electrical input) 
for these lamps can be as high as 15%. In the case of rare 
gas halide mixtures circulating between the electrodes, and 
in particular for the mixtures of ArF, KrF and XeCl, the 
well-known excixner laser frequencies of 192, 248 or 308 
nra are obtained. For excited molecular complexes in pure 
rare gases, lower wavelength condnua are generated at 
126, 146 and 172 run for argon, krypton and xenon 
respectively. The bandwidth associated with these emis- 
sions U typically around 10-20 run. 

.The pumping mechanism involved in the formation of 
rare gas excimers in the case of xenon, used in our current 
studies, is illustrated by Fig. 2 [25], while Fig. 3 shows a 
simplified potential energy diagram for this system. Note 
the absence of any bound ground level for the Xe 2 -dimer, 
which indicates splitting when emission occurs. Therefore 
self-absorption of the radiation by the gas phase is com- 
pletely absent in this system [26]. 

The schematic of Fig. 2 summarises the following 
operations 0M6). Energetic electrons present in tbe-ml- 
crodischarges excite and Ionise the xenon atoms: 

e~4»Xe^X$***T, , . {2} 
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Fig. Z Simplified pumping scneme for xenon. 
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Flg> 3. Simplified band diagram of xenon. 
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formation of molecular ions is rapid and subsequently 
leads to the formation of excited neutrals: 



X«£+e--»Xe* # +Xe. 



(4) 



The creation of the rare gas dimer. Xe£. then occurs 
through the three body reaction of an electronically excited 
rare gas atom Xe* wiih ( two others in the ground state: 

Xs**Xe*Xs~* Xe| * (5) 

The XeJ exciraer consequently dissociates Into Xc atoms 
and radiates a 172 nm photon: 

Xef ~» * & v (I ?% ass), (6) 

A potential energy diagram for ranvgas/halogen excimers 
is shown in Fig. 4. The X l/2 ground state arises from the 
ground state l S of the rare-gas and the 7 P level (s — 1/2, 
/ - 1, m, - 0) of the halogen atom. The A 2 P|/aj/2 state 
comes from 'S rare-gas and 2 Pt> = 1/2, /- 1, m x — ±1) 
halogen atom. The three close lying excited states CB^, 
C J/2f and D l/2 ) are generated by a positive- rare gas ton 
2 P and a negative halogen ion 'S X' (X - F, CI, Br, I). 
The transitions from B ^i/ 2 *° ^i/u/i an< ^ 

X )/3 and their associated wavelengths are shown in Table 
1 125.27]. 

The * intensity sad spectral half-width values of die 
radiation generated from various transitions is very differ- 
ent For example, the D, /2 -* X, /2 transition generates the 
shortest wavelength while its intensity is much less than 
that of die B l/2 ->X 1/2 transition, indicating that the 
upper level is quenched by collisions to lower states in the 
ionic manifold. The B 1/2 X, /2 transition is the strongest 
because the initial and final per orbitais which the electron 
occupies have the largest overlap of any of the valence 
orbitais (25J. Weaker broadband emissions via C J/2 -> 
A J/2 and B, /2 -» A, /2 transitions are also present. These 
overlap strongly for fluoride and chloride excimers but are 
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quite separate for bromide and iodide systems. Radiation 
can also generated by formation of Rg 2 X* species, such 
as diatomic Kr 2 Q*. As shown by the spread in Table 1. 
such emission is much more tanadband. 

The reaction mechanisms underlying the formation of 
excited rare-gas halides ate complex, involving several 
ground state atomic and molecular species, several ionic 
species, and large numbers of excited atomic and molecu- 



Jar species. Firstly, as shown in (7M9) below, where Rg 
represents a rare-gas species (e.g. Ar, Kr. Xe) and X a 
halogen (e.g. F, Cl v Br, and 0. the high energy electrons 
ionize and excite the rare-gas and halogen species. 

e-+Rg-*Rg'+e-. (7) 

e-+Rg-*Rg*+2e- f (8) 

e"+X 2 ->X + X-. (9) . 

Most RgX * exciplexes (excited complexes) can be created 
by a three-body recombination of the positive rare-gas ions 
and the negative halogen ions (10) or the harpooning 
reaction (1 1) in which the excited rare-gas species trans- 
fers its loosely bound electron to the halogen molecule or 
halogen-containing compound to form an electronically 
excited state of RgX " [251 as shown: 

Rg + +X"+M -> RgX*+M, (10) 
Rg'+X, -h> RgX*+X. (11) 

where M is a collislonal third partner which in many cases 
can be an atom or molecule of the active species or even 
of the buffer gas. The exdmer or exciplex molecules 
fanned are not very stable and rapidly decompose, typi- 
cally within a tew nanoseconds, giving up their excitation 
energy in the form of a UV photon, Le. 

RgX*-Rg + X + /ip(UV). (12) 

The radiation process competes with several quenching 
processes* At low pressures, the dominant quenching 
mechanism is direct quenching by the halogen-bearing 
species. Thus, 

RgX' + X 2 -*Rg+3X. (13) 

However, at high pressures three-body reactions involving 
the rare-gas atoms quench the excited rare-gas halides by 
forming Diatomic species. 

-RgX • + 2Rg Rg a X • + Rg. (14) 
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Spread of wavelengths &ftifa&& with exdmer sources, compared with a selection of bead-strength* of common 
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Table 2 summarizes the range of excirner wavelength? 
readily available with rare gas and fare gas-fa&lides and 
compares these with die bond energies of various common 
molecules* Clearly, these sources can be utilised to directly 
excite and dissociate many types of materials. 



The lamps system mainly used in this study contained 
Xe within the cylindrical geometry, as mentioned above. 
An inner dielectric-covered electrode was supplied by an 
external discharge voltage. The mtaodischarges induced 
upon breakdown created the 172 nm photons which were 
emitted through the outer dielectric chosen to be Supra* 



sil* quartz, known to 'be transparent to the radiation 
generated. The lamp output power, measured to be around 
3 W (corresponding to 20 mW/era 2 ), was determined 
using actmometric techniques. The generic experimental 
set-up used is sketched in Fig. 5. 

The radiation generated was passed through a MgF 2 
window into a reaction chamber where the host substrate, 
which could be heated to a temperature of 400°C* was 
placed. The cell could be evacuated to 10" 6 mbar and 
filled with the appropriate gas mixtures for specific pro- 
cessing applications. For oxidation* pure oxygen is used, 
whilst for deposition, mixtures of of SiH 4t NH 3 , O,, and 
N 2 0 are employed. At was used as the purge gas. Thermo- 
couple control ensured that, although essentially negligi- 
ble, the low intensity of the lamp did not increase the 
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Pig. 5. Genera) experimental arrangement used for photoprocessbg of thin films and mf&csx 



surface temperature of the samples during film growth. A 
full description of this reactor is published elsewhere [111 



4. Applications of cxcimer ultraviolet sources 

4.L UV*inductd metal deposition 

The prospect of depositing metal films and structures 
through photo4ecomposition of spin-on metaJlo-organic 
or organometallic precursors has attracted much attention 
with respect to applications for high density multichip 
interconnects, printed circuit boards, high density packag- 
ing, multilayers, etc Most of the work has been done 
using a laser cither in air, oxygen, nitrogen, or other 
suitable atmospheres to convert the precursors Into their 
constituent metal elements [28-301 

The fabrication of thin films by lascr>induced metallo- 
arganic decomposition (L-MOD) techniques offers several 
advantages over other thin .film deposition processes. For 
example, it occurs at ambient temperature and pressure 
without the need for gas transport or distribution systems 
and therefore there is no need for complicated vacuum 
equipment These precursor materials can be readily syn- 
thesJsed to incorporate a wide variety of metals. As already 
mentioned; however, lasers are very expensive, non-uni- 
form sources and can only pattern limited areas. Therefore, 
the use of large-area UV sources with high photo fluxes 
for industrial large-area processing is very appealing. 

Excimer UV lamp-induced decomposition of palladium 
acetate films has in fact recently been demonstrated 
[10,31-34 J. The palladium thin films produced were a few 
nanometres thick and can act as the activator for subse- 
quent etectroless metal plating processing in which mi- 
crometer-thick copper,, nickel or gold layer can be grown 
on top of the palladium. Such film thicknesses provide a 
level of electrical conductivity which is sufficient for 
applications such as microcircuita and printed circuit 
boards. It is well known that the activity of catalysts for 
electrotess metal deposition depends on the thickness. ' 
distribution, and purity of the metal nuclei on the non-cata- 
lytical surface. The quality of the coating, eg. the adhesion 
of die metal layers on the substrate depends decisively on 
the electrochemical properties of the Pd activator. There- 
fore, different excimer lamp parameters (wavelength. UV 
intensity, and exposure time) may have different effects on 
the thickness, morphology, and purity of the deposited 
palladium layers. 

Fig. 6 shows the Pd thickness formed as a function of 
exposure time on quartz at different wavelengths (A — 172 
nm, A - 222 nm. A - 308 nm) {10.32-33331 The differ- 
ent deposition rates correlate with the different absorption 
coefficients at the wavelengths of the UV radiation, the 
highest being achieved for radiation at A — 172 nm due to 
the higher absorption of palladium acetate in the vacuum 
ultraviolet Smicaning of these films can also be achieved 
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using metal contact masks. With this process, plastics, 
paper, polymer, cardboard or synthetic fibre can also be 
readily metal-coated at room temperature. Whilst the grain 
size of laser-irradiated Pd film is always large and the 
grains are arranged in clusters, by contrast, excimer UV 
sources always produce homogeneous and mirror-like films 
with a previously unattainable quality and adhesion [1032L 
The edge-definition of the Pd structures produced using 
excimer lamps is also highly reproducible and superior to 
that produced by excimer lasers [ 1033]. 

Thin layers of silicon dioxide from silane and nitrous 
oxide mixtures or silane and oxygen mixtures [l 13<3 and 
of silicon nitride from silane and ammonia [37] have been 
successfully deposited usina; UV excimer lamps. Hie high- 
est deposition rates (500 A/min) have been achieved by 
irradiating silane and oxygen gas mixtures at a substrate 
temperature as low as 300°C [36]. Silane is in fact trans- 
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Fig. 7. Comparison of the deposition ma of SiOj for photo-CVD 
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electrical breakdown fields of 5 to 8 MV/cm. These 
properties are very close to those obtained for thermally 
grown stoichiometric Si0 2 grown at temperatures around 
S0O°C [38]. 

Fig. 8 shows the FTER spectra obtained from films 
grown under different ratios of ammonia and nitrous oxide, 
whose reflective indices varied from J .48 to 1.85. A clear 
transition from a Si-N (845 cm" 1 ) predominant vibration 
mode to a Si-O (1065 cm"* 1 ) is strongly visible in the 
spectra, and this corresponds directly to the change in 
refractive index. A smooth progression from silicon nitride 
' to silicon oxide can thus be achieved, and good control of 
the SiO,N, stoichiometry and hence the optical properties 
of the Alms grown Is available with this deposition tech* 
nique. This ability to selectively predetermine the composi- 
tion of the reactive precursors which will ultimately react 
with the silane gives this photc-CVD process an added 
advantage over conventional plasma deposition. 

43. Oxidation of silicon 

More recent work on the direct photo-oxidation of 
silicon a* low temperature (250°C) has shown the reaction 
rate Is more than three times greater than that for UV-in- 
duced oxidation of silicon using a typical low pressure 
mercury lamp at 350*0. Fig. 9 shows the film thickness 
produced as a function exposure time for different oxida- 
tion techniques using an excimer lamp* ozone* low pres- 
sure mercury lamp, visible radiation and thermal oxidation. 
As can be seen, the ®MtMim rate using excimer lamp is 
much higher than that using ozone, Hg-lamp or visible 
irradiation. Thermal oxidation is negligible at 450»C even 
after long space reaction times of up to 5 h. Capacitance- 
voltage measurements at 10 kHz on MOS structures formed 
using Al gate contacts showed promising electrical proper- 



parent to t72 nm radiation, but the oxidising and reducing 
agents exhibit a significant absorption cross-section at this 
wavelength and are photcchemicalry dissociated with this 
lamp. 

7 shows the growth rate obtained as a function of 
substrate temperature in a mixture of silane in 0 2 (7%) for 
films grown with the lamp off (conventional pyrolytic 
CVD) and (under identical conditions) during irradiation. 
Also shown are typical phote-CVD results recently ob- 
tained with silane/N 3 0 mixtures [111 In the 100-350°C 
range* the fastest growth rates by far are achieved by 
photo-decomposition of die siiane/oxygen mixture. In fact, 
at 30Q°C, the growth by photo deposition is nearly 500% 
faster than the equivalent thermal reaction, while at 200°C 
it is more than an order of magnitude more rapid than its 
thermal counterpart 

Optimised deposition conditions have produced, at 
w, SiOn films with refractive indices of 1.46, etch 
rates of 20 A/min in diluted 1 : 25 buffered HF : H 2 0, and 
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ties. More detailed results of this work will be published 
soon [39]. Thus exrimer UV induced low temperature 
oxidation of Si also appears to be very attractive for future 
ULSI technology. 

4,4* 03k& &pp!k<8km 

The applications of excimer UV sources have also been 
demonstrated in several other areas recently, such as UV 
curing of paints, varnishes and adhesives [40,41 J, surface 
modification [33,42-44], and photo-degradation of a vari- 
ety of pollutants [45-48]. 

The photo-degradation or photo-etching of different 
polymers is also possible using different wavelengths (172 
nm, 222 nm and 308 run) [33,42-44]. The considerably 
higher material removal rates obtained under these condi- 
tions suggest that excimer UV sources could also find 
applications in the micrcstructuring of Urge area polymer 
surfaces. 

UV curing is die name given to the polymerisation of' 
special paints, varnishes, adhesives and sealing or casting 
compounds as a result of their exposure to such radiation. 
UV curing of paints and transparent varnishes is already 
used for metal, wood, paper, plastic parts, foils compact 
discs and glass fibres. Polymer coatings are applied to 
metal mainly to provide protection against corrosion or far 
decorative purposes. Experimental results have shown that 
excimer VUV and UV sources are ideal for initiating the 
photo-polyroerisation processes because of very rapid 
polymerization at ambient temperature [40,4 ll 

The photochemical processing potential of these de- 
vices has been recognised and various groups are investi- 
gating their use in a variety of environmental and indus- 
trial situations. Kogelschatz et aL [45-48] have proposed 
designs for photoreactors Incorporating excimer UV lamps 
as integral elements to undertake photodegradation of pol- 
lutants. These photo- induced processes will require high 
radiation intensities, probably at specific VUV/UV wave- 
lengths) to be of practical or commercial interest. 
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